1. Introduction {#sec0005}
===============

PAHs are ubiquitous occupational and environmental contaminants, which have been classified as human genotoxicants and carcinogens [@bib0075], [@bib0250]. Epidemiological studies have demonstrated that long-term exposure to PAHs links to high incidence of lung cancer in coke oven workers [@bib0025]. As a complex disease, the molecular etiology of cancer includes both genetic modifications and epigenetic aberrations. In genetics, DNA damage, oncogene activation and inactivation of tumor suppressor gene are believed to play important roles in PAHs-induced carcinogenesis [@bib0080]. In epigenetics, aberrant DNA methylation, histone modification and miRNA expression patterns have currently emerged as important mechanisms that contribute to PAHs-induced genotoxicity and carcinogenicity [@bib0030], [@bib0035], [@bib0115], [@bib0155], [@bib0225]. Long non-coding RNAs (lncRNA) is one of the essential epigenetic regulators. The specificity of lncRNA expression is now recognized as important epigenetic marks that confers lncRNAs with great potential as biomarkers for health risk assessment [@bib0140]. Accumulating evidence demonstrate that lncRNAs play critical roles not only in physiological processes of normal cells, but also in the development of many kinds of human diseases [@bib0050], [@bib0140], [@bib0160], [@bib0175], [@bib0210], [@bib0220], [@bib0235]. Recent studies found that alteration of lncRNA expression was involved in induction of several chemicals-induced genotoxicity and cell malignant transformation, indicating the aberrant lncRNA changes might be promising biomarkers for risk prediction of environmental exposure [@bib0015], [@bib0045], [@bib0065], [@bib0125], [@bib0150], [@bib0230]. However, how ambient PAHs exposure affects lncRNA expression and whether it is involved in development of adverse health effects have not been defined.

In this study, four candidate lncRNAs, HOTAIR, MALAT1, TUG1 and GAS5 that have been reported to be associated with DNA damage and cancer development [@bib0040], [@bib0060], [@bib0070], [@bib0085], [@bib0105], [@bib0110], [@bib0135], [@bib0145], [@bib0165], [@bib0180], [@bib0185], [@bib0190], [@bib0195], [@bib0240], [@bib0245] were selected to address the biological significance of lncRNAs. Our findings reveal that the altered HOTAIR and MALAT1 expression could be the sensitive biomarkers that indicate the PAHs exposure and PAHs-induced DNA damage.

2. Materials and methods {#sec0010}
========================

2.1. Study population and sample collection {#sec0015}
-------------------------------------------

In this study, 150 PAHs-exposure workers in coking plant and 60 non-PAHs exposure workers in hot-rolling mill from Ben Xi Iron and Steel Group Cooperation in Liaoning Province, China were recruited. Those workers who had suffered from acute infectious diseases, chronic diseases, long-term drug use, or exposed to mutagenic agents (such as X-ray radiation) within 2 months were excluded. Basic information of each subject was collected by a structured epidemiologic questionnaire including demographic information, educational level, smoking history, alcohol consumption, occupational exposure history, personal medical history, and grilled food intake. Additionally, 15 mL urine was collected for urinary 1-hydroxypyrene (1-OHP) detection and 5 mL of venous blood were drawn in an EDTA-Na~2~ containing tube for comets assay and PBLCs isolation. PBLCs were isolated by using a standardized Ficoll-Hypaque gradient procedure in less than 3 h after the blood samples were obtained. All samples were kept at −80 °C before analysis. The protocol was approved by Research Ethic Committee of School of Public Health, Sun Yat-sen University, and informed consent was obtained from each participant.

2.2. Urine 1-OHP detection {#sec0020}
--------------------------

5 mL of 4-day shift-end urine were collected and the measurement of 1-hydroxypyrene (1-OHP) were carried out according to the method described previously [@bib0095]. The level of urinary 1-OHP was detected by high-pressure liquid chromatography (HPLC) equipped with a fluorescence spectrophotometer and normalized by urinary creatinine (Cr) and presented as microgram per gram creatinine. The detection limit was 0.14 μg/L urine (signal/noise = 3). Measurements below the limit of detection (LOD) were replaced with LOD/$\sqrt{2}$.

2.3. Alkaline comets assay {#sec0025}
--------------------------

The comet assay was performed using method described by Li et al. [@bib0115] and Singh et al. [@bib0170]. Comet assay was performed using the fresh blood sample according to the protocol. In order to minimize the variation, we placed the same numbers of samples collected from different groups (control, bottom, side and top groups) in one slide (CometSlide HT, Trevigen, USA). Analyses of the images were performed using Comet Assay Software Project-1.2.2 (University of Wroclaw, Poland). Olive tail moment (OTM) was selected as the parameter to indicate the degree of DNA damage.

2.4. RNA isolation and qRT-PCR {#sec0030}
------------------------------

Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, USA) and quantitative reverse transcription was carried out using TOYOBO RT-qPCR Kit (TOYOBO, Tokyo, Japan). The mRNA expression was detected using the SYBR Green Real time PCR Master Mix-Plus (TOYOBO, Tokyo, Japan) with the standard program in a Viia 7 Real-time PCR system (Applied Biosystems, Branford, USA). The amplification of GAPDH was used as an internal control to normalize lncRNA expression. The sequences of qRT-PCR primers were listed in Supplementary Table 1. RNA sample isolated from 16HBE cells was used for internal quality control among different experiments. In particular, specific gene expression in RNA samples of 16HBE cells from each run of qPCR were adjusted by both ΔCt~batchbalance~ (Ct~batchtargetgene~ − Ct~batchGAPDH~) and Ct~GAPDH~. The expression of lncRNA was calculated using an equation of ΔCt = Ct~targe~ ~gene~ − Ct~GAPDH~ − ΔCt~batchbalance~. All results were expressed as mean ± SD from three independent experiments.

2.5. Histone extraction and detection of H3K27me3 modification {#sec0035}
--------------------------------------------------------------

The histone extraction was performed following a protocol described previously [@bib0010], [@bib0020]. During the process of isolation, the protease inhibitor mixture (Roche Applied Sciences, Indianapolis, USA) and 1 mM phenylmethylsulfonyl fluoride were used for protein stabilization. The histone precipitation was dried by the air and dissolved in sterile deionized water before detection. Subsequently, sandwich enzyme-linked immunosorbent (ELISA) assay methods were used for determining the levels of histone modification. ELISA was conducted in a 96-well plate coated with 1:20000 histone H3 antibody (Abcam, Cambridge, USA) overnight at 4 °C. Samples and H3K27me3 recombinant proteins (Active Motif, Carlsbad, USA) were added to the plates and incubated for 1.5 h. Then the primary antibodies including histone H3 at 1:10000 (Sigma--Aldrich, USA) or H3K27me3 at 1:3000 (Abcam, Cambridge, USA) were added to each well separately and incubated for 2 h, following by an addition of secondary antibody at 1:1000 dilution (Santa Cruz Biotechnology, Santa Cruz, USA). After 2 h incubation, 3,3′,5,5″-tetramethylbenzidine (Beyotime, Suzhou, China) solution was added and incubated for additional 30 min in the dark. The reaction was stopped by addition of 30 μL of 2 M H~2~SO~4~ and the optical density was read at 450 nm using a microplate spectrophotometer (BIO-TEC, Vermont, USA). Data was presented as mean ± SD from triplicate wells of two independent experiments.

2.6. Statistical analyses {#sec0040}
-------------------------

In the current analysis we examined the data for normality (Shapiro--Wilks *W*-test) and homogeneity (Bartlett\'s test for unequal variances). Continuous variables are provided as the mean ± SD, while categorical variables are displayed as the percentage within each subgroup. Potential associations between categorical variables were assessed by contingency tables and the χ^2^-test. Comparisons between continuous variables between groups were performed by analysis of *t*-test. The Pearson correlation coefficient was used to quantify the correlation between two factors. Multiple linear regression analysis was used to correct the confounders by a stepwise regression method. The adjusted *β* value and *P* value was obtained from AIC (Akaike Information Criterion) lowest models. The non-normal distribution values were logarithmic transformed before regression analysis. All *P* values were two sided, with only *P *\< 0.05 considered statistically significant. All statistical analyses were using the base packages in *R* version (*R*-projecting.org. (C) 1998--2012).

3. Results {#sec0045}
==========

3.1. Population characteristics and PAHs exposure levels {#sec0050}
--------------------------------------------------------

In this study, we recruited 150 PAHs-exposure workers in coking plant and 60 non-PAHs exposure workers in hot-rolling mill from an Iron and Steel Group Cooperation ([Table 1](#tbl0005){ref-type="table"}). There were no significant differences between PAHs-exposed group and control group in terms of smoking status, drinking status, education, and BMI. Factors such as age, ethic and grill food consumption differed significantly between two group subjects. Remarkably, the internal exposure biomarker urinary 1-OHP in exposure groups was 6-fold higher than that in control group (*P *\< 0.001).Table 1General characteristics, PAHs exposure levels, lncRNA expression and biomarkers in PAH-exposed workers and controls.Controls (*n* = 60)PAHs-exposed workers (*n* = 150)*P*-valueGeneral characteristic **Age (years)**46.38 ± 8.9742.20 ± 7.38**0.002**[a](#tblfn0005){ref-type="table-fn"} Coke history(years)--16.29 ± 7.75-- Smokers \[*n* (%)\]39 (65.00)97 (64.67)0.963[b](#tblfn0010){ref-type="table-fn"} Smoking age (years)15.39 ± 14.4212.73 ± 11.420.208**a** Drinkers \[n (%)\]38 (63.00)88 (58.67)0.533[b](#tblfn0010){ref-type="table-fn"} Education (years)0.662[b](#tblfn0010){ref-type="table-fn"}≤930 (50.00)70 (46.67)＞930 (50.00)80 (53.33) BMI24.93 ± 3.8824.68 ± 2.950.657**aEthic** (Han/others)58 (96.67)120 (80.00)**0.002**[b](#tblfn0010){ref-type="table-fn"} **Grill food consumption \[n (%)\]**0 (0.00)50 (66.67)**\<0.001**[b](#tblfn0010){ref-type="table-fn"}  Internal exposure biomarker **Urinary 1-OHP (μg/g creatinine)**7.09 (4.81,10.00)43.70 (12.99,136.18)**\<0.001**[c](#tblfn0015){ref-type="table-fn"}  Lnc RNA expression (−ΔCT) [d](#tblfn0020){ref-type="table-fn"} **HOTAIR**−13.21 (−11.80,−14.37)−11.79 (−10.88,−12.81)**\<0.001**[c](#tblfn0015){ref-type="table-fn"} **TUG1**−5.02 (−4.61,−5.32)−4.20 (−3.48,−5.00)**\<0.001**[c](#tblfn0015){ref-type="table-fn"} **MALAT1**−0.82 (−0.37,−1.27)0.15 (0.74,−0.46)**\<0.001**[c](#tblfn0015){ref-type="table-fn"} GAS50.72 (1.23,0.29)1.02 (1.43,0.50)**0.495**[c](#tblfn0015){ref-type="table-fn"}  DNA damage **Olive tail moment**3.27 (0.00,5.54)40.76 (4.86,53.61)**\<0.001**[c](#tblfn0015){ref-type="table-fn"}   Histone modification**H3K27me3 (%)**9.63 ± 3.8212.50 ± 7.15**0.030**[c](#tblfn0015){ref-type="table-fn"}[^2][^3][^4][^5][^6]

3.2. The alteration of lncRNA expression in response to PAHs exposure {#sec0055}
---------------------------------------------------------------------

The expression patterns of four selected lncRNAs (HOTAIR, MALAT1, TUG1 and GAS5) were examined in PBLCs of all subjects. As shown in [Table 1](#tbl0005){ref-type="table"}, the expression of HOTAIR, MALAT1 and TUG1was 2.68-, 1.96-, and 1.77-fold, respectively higher in PAHs-exposed group compared to control group (*P *\< 0.001). In addition, when we divided PAHs-exposed group into three subgroups as bottom, side, and top oven, respectively based on the working distance to the coke oven where the level of PAHs exposure went up from bottom to top as previously described [@bib0115]. As shown in [Fig. 1](#fig0005){ref-type="fig"}, we found that the expression of HOTAIR (adjusted *P*~trend~ \< 0.001), TUG1 (adjusted *P*~trend~ = 0.006) and MALAT1 (adjusted *P*~trend~ \< 0.001) in PBLCs were upregulated with the increase of PAHs exposure analyzed by trend analysis after adjustment for confounder factors such as BMI, age, smoke status, drinking status, grill food consumption, education, and ethics (Supplemental Table 2).Fig. 1Association between PAHs exposure and lncRNA expression in PBLCs of the subjects. The PAHs-exposed workers were divided into three subgroups as bottom, side, and top oven, where the level of PAHs exposure went up from bottom to top. LncRNA expression was tested by qRT-PCR method. The horizontal line in the box represents the median of each subgroup. (A) HOTAIR, *P*~trend~ \< 0.001; (B) TUG1, *P*~trend~ = 0.002; (C) MALAT1, *P*~trend~ \< 0.001; (D) GAS5, *P*~trend~ = 0.809.

Next, we clarified the correlation between the internal biomarker (1-OHP) and lncRNAs expression in PBLCs of the subjects through stepwise multiple regression analysis after adjustment for factors described above. As shown in [Fig. 2](#fig0010){ref-type="fig"}, the expression of HOTAIR and MALAT1 (both *P* = 0.008) was positively associated with urinary 1-OHP, while TUG1 (*P* = 0.054) and GAS5 (*P* = 0.409) were not statistically correlated with urinary 1-OHP. Moreover, we found that the concentration of urinary 1-OHPwas positive correlated with the levels of HOTAIR (*β *= 0.298, *P* = 0.024) and MALAT1 (*β *= 0.090, *P* = 0.034; [Table 2](#tbl0010){ref-type="table"} and Supplemental Table 3). These findings reveal that altered HOTAIR and MALAT1 expression in PBLCs of coke oven workers could be an indicator of PAHs exposure.Fig. 2The correlation between urinary 1-OHP and lncRNA expression in PBLCs of all subjects. LncRNA expression levels (*Y*-axis) were presented as −ΔCt = −(Ct~targetgene~ − Ct~GAPDH~ − ΔCt~batchbalance~). Urinary 1-OHP (*X*-axis) was presented as log-transformed value. (A) HOTAIR, *y* = 0.3431*x* − 13.7423, *R* = 0.1824, *P* = 0.008; (B) TUG1, *y* = 0.1086*x *− 4.7992, *R* = 0.1330, *P* = 0.054; (C) MALAT1, *y* = 0.1134*x *− 0.5052, *R* = 0.1840, *P* = 0.008; (D) GAS5, *y* = 0.0001*x *− 0.8388,*R* = 0.0572,*P* = 0. 409.Table 2The adjusted correlation between urinary 1-OHP and lncRNA expression in PBLCs of subjects.Urinary 1-OHP[a](#tblfn0025){ref-type="table-fn"}UnadjustedAdjusted[b](#tblfn0030){ref-type="table-fn"}β*P*-valueβ*P*-valueLncRNA expression (−ΔCT) **HOTAIR**0.343**0.008**0.298**0.024** TUG10.1090.0540.1100.060 **MALAT1**0.113**0.008**0.090**0.034** GAS5\<0.0010.4090.0650.265  DNA damage **Olive tail moment**4.991**＜0.001**4.657**＜0.001**[^7][^8][^9]

3.3. Altered lncRNAs expression correlated with the degree of DNA damage {#sec0060}
------------------------------------------------------------------------

Next, we analyze the DNA damage of PBLCs in all subjects using Comet assay and selected OTM as the parameter indicating the degree of DNA damage. Similar to our previous findings, the degree of DNA damage in PAHs-exposed group was increased by12.5-fold compared to the control group ([Table 1](#tbl0005){ref-type="table"}). In addition, results from linear and multiple regression analysis ([Table 2](#tbl0010){ref-type="table"}) showed that the degree of DNA damage was significantly associated with the levels of 1-OHP (adjusted *β *= 4.657, *P *\< 0.001). In addition, we found that the levels of HOTAIR and MALAT1 were positively correlated with the degree of DNA damage (HOTAIR: *β *= 2.156, *P *\< 0.001; MALAT1: *β *= 6.621, *P *\< 0.001). In contrast, no association was observed between the expression of TUG1, GAS5 and the extent of DNA damage ([Table 3](#tbl0015){ref-type="table"}). These results indicate that HOTAIR and MALAT1 might be involved in regulation of DNA damage in response to PAHs exposure.Table 3The correlation between DNA damage and lncRNA expression in PBLCs.Lnc RNA expression (−ΔCT)Olive tail momentUnadjustedAdjusted[a](#tblfn0035){ref-type="table-fn"}β*P*-valueβ*P*-value **HOTAIR**0.028**＜0.001**0.024**0.002** TUG10.0040.2160.0020.641 **MALAT1**0.009**＜0.001**0.007**0.003** GAS500.91900.904[^10][^11]

3.4. The association of HOTAIR expression and H3K27me3 modification in PBLCs of the subjects {#sec0065}
--------------------------------------------------------------------------------------------

H3K27me3 had been considered as a biomarker in response to DNA damage [@bib0090], [@bib0120] and could be upregulated by HOTAIR and polycomb group (PcG) protein complexes in *in vitro* studies [@bib0055], [@bib0200]. Therefore, we analyzed the correlation of H3K27me3 modification with DNA damage and the HOTAIR expression in PBLCs of all subjects. As a result, H3K27me3 modification were elevated by 29.80% in PBLCs of coke oven workers compared to that of control workers (*P *\< 0.030, [Table 1](#tbl0005){ref-type="table"}). Consistently, we found that the extent of DNA damage (*β *= 0.061, *P *\< 0.001) and the expression of HOTAIR (*β *= 0.385, *P* = 0.018) were both positively associated with H3K27me3 modifications analyzed by a linear regression model ([Fig. 3](#fig0015){ref-type="fig"}). Taken together, these findings indicate that lncRNA may regulate cellular response to DNA damage through interplay with histone modification.Fig. 3Enhanced H3K27me3 modification was correlated to the degree of DNA damage and upregulation of HOTAIR expression. The modification of H3K27me3 was examined by ELISA. The degree of DNA damage was indicated by Olive tail moment (OTM) from Comet assay. LncRNA expression was tested by qRT-PCR. (A) Association of H3K27me3 modification with OTM in PBLCs of all subjects. *y* = 0.0606*x *+ 9.9009, *R* = 0.2540, *P *\< 0.001. (B) Association of H3K27me3 modification with HOTAIR expression in PBLCs of all subjects. *y* = 0.0182*x* + 16.5407, *R* = 0.1629, *P* = 0.018.

4. Discussion {#sec0070}
=============

Studies of lncRNAs in human populations could identify biomarkers of exposure and/or early effect and elucidate mechanisms of action underlying environmental exposure associated diseases. Occupational exposure to PAHs has been shown in *in vitro* studies to alter the expression of non-coding RNA. In this study, we attempt to address how lncRNA responses to environmental stress in the context of population exposure. Here, we reveal that two lncRNAs, HOTAIR and MALAT1 whose aberrant expression was positively associated with the PAHs exposure and DNA damage.

LncRNAs have been reported to be involved in multiple biological processes and human diseases through transcriptional, posttranscriptional and epigenetic regulation [@bib0100]. Recent studies showed that a number of lncRNAs mediated the malignant transformation of human bronchial epithelial cells induced by benzo(a) pyrene (Bap) and its ultimate carcinogen, anti-benzopyrene-trans-7,8-dihydrodiol-9,10-epoxide (anti-BPDE) through regulating cell apoptosis and proliferation [@bib0045], [@bib0065], [@bib0230]. In this study, we found that the expression of HOTAIR, MALAT1 and TUG1 were significantly up-regulated in PAHs-exposed workers. Of these three lncRNAs, HOTAIR and MALAT1 were positively associated with exposure marker, implying a role of lncRNA in mediating environmental stress-induced adverse health effects. Similar results were found in an *in vitro* study showing that HOTAIR and MALAT1 were upregulated in HBE cells treated by cigarette smoke extract (CSE) for 20 weeks. In addition, they found that HOTAIR might play an important role in epithelial-mesenchymal transition and the formation of stem cell-like properties [@bib0125]. Taken together, these observations suggested that HOTAIR and MALAT1 might be applicable in the surveillance of epigenetic damage for environmental exposure.

Although previous studies revealed that lncRNAs might be involved in chemical-induced genotoxicity [@bib0130], [@bib0150], the association between lncRNA changes and DNA damage had not been clarified, particularly in population-based studies. In this study, we demonstrate that altered MALAT1 and HOTAIR expression in PBLCs of PAHs exposed workers are correlated with the degree of DNA damage, indicating their roles in predicting PAHs-induced genotoxicity. MALAT1is a highly abundant and ubiquitously expressed long noncoding RNA (lncRNA), which may predict prognosis in several types of cancers [@bib0205]. Previous study revealed that MALAT1 is a key regulator that promotes the cell cycle by inhibiting p53 activation and regulating the expression of B-Myb [@bib0190]. Similarly, another research group also found that MALAT1 was upregulated in both TK6 and WTK1 cells after the ionizing radiation-induced DNA damage [@bib0005]. Taken together, these findings suggest that MALAT1 may be involved in mediating the response to PAHs-induced DNA damage.

Previous studies uncover an oncogenic role of HOTAIR in promoting proliferation, migration and invasion of cancer cells [@bib0040], [@bib0180], [@bib0215]. Moreover, HOTAIR-mediated cancer development is tightly associated with a specific histone modification, H3 lysine27 trimethylation (H3K27), resulting in a chromatin state that prevents the transcription of several tumor suppressor genes [@bib0055]. Recent study found that the global H3K27me3 level was increased in human cells after chemicals treatment or UV radiation [@bib0090], [@bib0120], indicating that HOTAIR and H3K27me3 might interplay in response to DNA damage. Consist to these findings, the positive correlation of DNA damage with H3K27me3 modification and HOTAIR expression in PBLCs of coke oven workers was revealed in our study.

5. Conclusion {#sec0075}
=============

In summary, we found that specific lncRNA HOTAIR and MALAT1 upregulated in PBLCs of the coke oven workers. In addition, the changes of HOTAIR and MALAT1 expression were correlated with both external and internal exposure levels of PAHs and the extent of DNA damage. Our findings reveal that altered HOTAIR and MALAT1 could potentially be used for prediction of PAHs-induced genotoxicity.
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